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Abstract 
Frictional heating at the head-cup interface causes temperature rise in the bearing components and the synovial fluid of hip implants. High 
temperature, not only, causes creep, wear, oxidation of the components, e.g. UHMWPE cup, but also increases the risk of damage to 
surrounding soft and hard tissue, resulting in the aseptic loosening failure. The present paper reviews studies on frictional heating in hip 
implants available in literature. The aim, particularly, is to explore mechanism of heat generation due to friction, quantification of 
temperature rise, and important parameters impacting heat generation. Concerns with the issue are addressed and the importance of the 
need for potential remedies to minimize the effects is highlighted. The discussion would provide guidelines, enabling biomedical 
engineers to help design, develop, and implement implants with an enhanced performance. 
© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 
of Mechanical Engineers 
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1. Introduction 
Total hip replacement (THR) is one of the successful advanced and sophisticated medical surgeries in the world, which 
replaces natural hip with arthritis by artificial components, bringing back its normal functions to patients. Due to the nature 
of structure and function of the implant, heat generation and transfer phenomenon continually occurs within the THR 
system. Studies show that a significant amount of heat is generated, which may severely affect the performance of the 
implant. The heat generation can be due to (1) the bone-cement-implant polymerization for the fixation of the stem and the 
cup (in the case of cemented implants), (2) cutting and drilling of the bone during orthopedic surgery, and (3) frictional 
sliding at the articulating interface between the head and the cup. While the formers are attempted by many researchers to 
understand and model the mechanism [1-5], the temperature increase due to the latter is found to be significant and poses a 
critical threat to the life of implants as well as patients. This is the focus of the present paper. The amount of frictional heat 
generated is a function of several factors including speed and duration of the joint movement, applied load, quality of 
lubricant, articulating materials (i.e. thermal properties), and the presence of wear or other debris [6, 7]. It can also found to 
be a function of the implant design and the quality of the bearing components incorporated. These have rigorously been 
realized by researchers through in vivo measurements, in vitro tests, and computational modeling techniques [e.g., 8, 9]. The 
overall conclusion is that frictional heating causes temperature rise on the order of about 1-10°C, and the bearing materials 
with low friction are being recommended, to some extent, to suppress frictional heating. It is recognized that the potential 
for heating is most applicable for heavier, more active patients under an extended period of activities. Studies, however, 
unanimously stress the possible concerns with such frictional heating. High temperature generated in the joint capsule, not 
only causes degradation of the bearing component, particularly soft UHMWPE (ultra high molecular weight polyethylene) 
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cup, but also increases the risk of damage to the surrounding biological tissues. Even excessive temperature increase may 
deteriorate the lubrication property and further elevate wear generation at the interface. As a result of these is the failure of 
the implant and the need for revision surgery within a shorter period of time. Over the decades, tremendous efforts have 
been put forward to understand and address the above issues associated with frictional heating, and to answer a question 
about how to reduce its impacts. In light of this quest, this paper aims to review frictional heating in hip implants across the 
literature, particularly focusing on its mechanism and estimation techniques. While various factors impacting frictional 
heating are discussed, concerns and potential remedies are addressed.   
2. Quantification of heat generation 
In order to better appreciate its mechanism and quantification, the frictional heating at the interface is attempted by 
researchers through a number of approaches. The following sections review some of those investigations.  
2.1. In vivo measurements 
In an in vivo investigation, Bergmann et al. [8] studied temperature and joint forces of five patients with seven 
instrumented hip implants with alumina ceramic head against the UHMWPE cup using telemetry transmission data. The 
details of the temperature measurements can be found in [10].  By measuring the temperature directly from the implants 
rather than the synovial fluid, they showed that the maximum temperature in the femoral head reaches to 41°C after one 
hour of walking, and varies significantly with the patients. The temperature of the synovial fluid is also found to be 2-3°C 
higher than that in the femoral head. Walking is shown to generate higher temperature than cycling. The findings also 
outline the detrimental effect of frictional heat (e.g. degradation of biological tissues) on the stability of the hip implants. 
Very recently, by placing temperature sensors in the articulating components made of different material combinations, J.W. 
Pritchett [11] extensively studied resurfaced hips of 12 patients (12-36 months after hip resurfacing procedure) where the 
synovial temperatures are recorded after patients walked for 20-60 minutes. While the heat generated is documented to vary 
significantly with material combinations, resurfaced hips generate more heat than the arthritic and normal hips, and arthritic 
hips generate more than normal hips. The temperature rises from the base line (temperature) with respect to time, type of 
hips, patients, and the bearing materials studied are illustrated in Table 1. Other factors such as patient size, activity type, 
and activity level, which can also result in the temperature variation, are not considered in this study. It seems intuitive that 
the young, more active patients with jogging cycle would generate more heat within the joints. Further, in in vivo studies, a 
larger amount of observations with a greater number of patients for a longer period of monitoring (i.e. time period after hip 
replacements) would be necessary to take into consideration in order to comprehensively depict that the amount of heat 
generation is clinically relevant to the implant’s life or its function. 
                Table 1. Synovial fluid temperature rise across patient and implant type during walking cycle, reproduced with permission from [11]. 
Patient R Hip L Hip Baseline R/L 
(°C) 
20min R/L 
(°C) 
60min R/L 
(°C) 
1 Normal  Metal hemi 36/37 1/2 2/4 
2 Metal-on-metal Degenerative joint 
diseases  
39/37 8/2 8/3 
3 Ceramic hemi Normal  38/37 1/1 3/2 
4 Degenerative 
joint diseases 
Metal-on-
polyurethylene 
37/38 2/5 3/6 
5 Ceramic-on-
polyurethylene 
Ceramic-on-metal 38/38 5/5 5/4 
6 Metal-on-metal Metal-on-metal 38/38 8/8 8/8 
7 Ceramic-on-
PEEK 
Ceramic-on-PEEK 37/37 4/4 4/4 
 R: Right, L: Left, Baseline: Initial temperature within the joint
 
2.2 In vitro tests 
While in vivo measurements are quite expensive and, sometimes, nearly impossible to conduct, in vitro tests are a 
practical way to evaluate the equivalent clinical performance of the hip system. Using hip simulators equipped with thermal 
sensors on the laboratory setup, researchers widely studied thermo-mechanical characteristics in terms of temperature rise 
and its effects on frictional torque, material wear and strength [e.g., 7, 12]. An equivalent joint motion and lubrication is 
employed, which closely represents an in vivo situation.  Effects of materials, loading magnitude, sliding frequency and 
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surface roughness on the temperature distribution in/at the bearing surface are extensively investigated [7, 12, 13].  Some 
aspects of them will be detailed in Section 3. For example, Lu and McKellop [12] reported that, after the equilibrium state, 
the maximum temperature occurs at the load axis point of the UHMWPE cup surface and varies as 35.6±3.8, 40.4±1.8, and 
51.3±5.2°C for the articulating head of alumina, Co-Cr and zirconia, respectively (the room temperature is of 22°C). Other 
studies in [e.g., 7] found slightly lower temperatures. The reciprocal-sliding of the Co-Cr-Mo head against the UHMWPE 
cup in phosphate buffered saline as lubricant shows that the equilibrium contact temperature (maximum) increases up to 
12°C in 30 minutes under contact pressure of 12.7 MPa and sliding speed of 50 mm/s [13]. By undertaking wear tests in the 
sterile filtered bovine calf serum as a lubricant, Rocchi et al. [14] showed that for the UHMWPE cup articulating against the 
Co-Cr head, the maximum temperature in the cup and the lubricant is about 47.97±3.79 and 42.5°C respectively, which is 
higher than that obtained from Davidson et al. and Lu and McKellop’s studies. This would be due to wider range of loading, 
test protocols, types of lubricants, temperature measurement system, and thermal properties of the bearing materials used in 
the studies. The precipitation of the proteins in the lubricants is found to follow the rank of the temperature rise for bearing 
combinations investigated.  
While the temperature rises measured are lower than the precipitation threshold value (of about 60°C) [15], under higher 
loading and sliding speed, substantially higher bearing temperature and hence, greater amount of protein precipitation may 
be expected. This, consequently, will degrade the boundary lubrication property of the protein, mechanical properties of the 
bearing materials (e.g. soft UHMWPE), and wear resistance of the bearing surface. This is more likely to happen for the 
zirconia head against UHMWPE cup as the equilibrium temperature of the lubricant and the bearing component is relatively 
higher. In [6], the authors performed the so-called “simulated in vivo” tests where the joint movement is replaced by the 
resistance heater embedded in the femoral head, and the system is assembled in such a way as to resemble the actual 
situation as much as possible. In the tests, the joint capsule is simulated by pieces of bovine muscle tissue to reproduce the 
in vivo environment; however, the effect of vascularity and blood flow is not reproduced in such setup. Another concern 
with in-vitro studies is that heating the lubricant in the test chamber up to 37°C to replicate the in vivo one may cause 
potential overheating of the bearing material, and weakens its property as well. A more anatomical orientation of the cup 
rather than the cup is positioned facing up against head is also emphasized [12]. A standard hip simulator test protocol 
pertaining proper environment and condition which are close to those of the in vivo is hence needed to further improve the 
accuracy of the laboratory based wear tests. 
2.3 Computational modeling 
As the frictional heating is a local effect in the bearing component, sometimes it is quite difficult for measuring 
instruments to locate the highest temperature point. Further, setup of sensors (e.g., thermocouples) needs drilling holes, 
which may impact overall heat transfer and measurement.  Therefore, along with in vivo and in vitro studies, as an 
alternative, computational modeling of frictional heating is extensively studied by researchers across the world. In this 
approach, researchers adopt analytical, semi-analytical, and numerical analysis techniques. As integrated, implemented, and 
tested in other environments, the approach is found to be an effective and fast way to predict and analyze the behavior of the 
system [12, 16-19]. Thermo-mechanical coupled mechanism is used in all the analyses since it is recognized that the heat 
generated by the friction is the result of combined effect of heat and mechanical deformation within the system. This means 
that the temperature rise causes deformation and change contact condition in articulating bodies. The mathematical 
description of the mechanism is detailed in [e.g., 17]. Using 2 and 3-D finite element (FE) modeling, researchers estimated 
the steady and transient temperature distribution in the bearing components, and compared with those obtained from hip 
simulator/clinical studies [12, 14, 17]. The estimated temperature in the UHMWPE cup surface studied across the literature 
is always found to be higher than the measured one by on the order of 6-7°C or sometimes, even more. The modeling 
considers thermal equilibrium of the system where the heat generation rate by friction equals the heat dissipation rate. The 
time to reach such equilibrium state is found to vary. Using different head materials against the UHMWPE cup, Zu and 
McKellop [12] and Rocchi et al. [14] reported that the maximum temperature at the contact area of the cup surface reaches 
after about 6-7 hours. Suhendra and Stachowiak [18] suggested that, with a small friction at the interface, the maximum 
temperature reaches after about 2 hours. In vivo, however, this occurs in a shorter period (of about one hour) of walking [8].  
While computational modeling can reasonably simulate the overall behavior, the accuracy of the technique is largely 
limited by a number of factors. For example, oversimplification of physiological loading mechanism and anatomical 
orientation of actual hip model are just few of them. Effect of temperature on the wear, lubrication, and change in material 
properties (e.g. Young’s modulus) that would naturally happen in the in vivo environments are rarely simultaneously 
considered and replicated in the available models. Another important issue is that the correct choice of important parameters 
to be employed in the model depends on the experiments. For example, the heat generation rate at the interface, thermal 
properties of bearing materials, surrounding tissues and synovial fluid must be obtained accurately from the experiments. 
This needs to be addressed because, as is already shown in [8], the experimental results widely scatter. In addition, 
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modeling of the change of properties of tissues and bearing materials with temperature and integrating it into the solution 
package (e.g., FE method) is yet to be a growing challenge to realize the actual phenomena. So it is imperative that the fully 
validated computational modeling which will mimic in vivo condition needs to be developed for the accurate estimation of 
frictional heating. This, in turn, can be used as a benchmark tool to do parametric study for the evaluation of bearing 
component with discovery of new material and design. 
3. Factors affecting frictional heating 
With the in vivo, in vitro, and computation modeling techniques, researchers extensively investigated effects of different 
parameters on frictional heat generation. This section briefly outlines some findings.  
3.1. Effect of bearing material and joint load 
Bearing material has a remarkable influence on heat production, wear, and friction. By studying different pair of bearing 
materials (i.e. head-on-cup order) in in vitro studies, Davidson et al. [6, 7] concluded that alumina-on-alumina generate the 
least heat as compared to the alumina-on-UHMWPE, Co-Cr alloy-on-UHMWPE couples (see Fig. 1). This is because the 
alumina has the highest thermal conductivity and the least frictional coefficient among its counterparts. During the tests, an 
equivalent gait cycle (i.e. load-time history) is selected to reflect natural hip loading during walking while two peak loads, 
Pmax of 2500N and 5000N are applied through the femoral head. As can be seen in Fig. 1, the level of joint load affects the 
maximum temperature.  Similar results of the temperature variation are also observed by other studies [11, 12, 18]. This 
indicates that new bearing materials with improved thermal properties (e.g. high thermal conductivity) are needed to be 
discovered and applied in the implants. Due to its excellent mechanical and biological properties, PCD (polycrystalline 
diamond) is becoming a potential option and currently being used as the bearing material [20, 21]. 
 
 
Fig. 1. Change in temperature rise in the UHMWPE cup with friction, 
reproduced with permission from [18] 
Fig. 2. Change in temperature rise in the UHMWPE cup with friction, 
reproduced with permission from [18] 
 
3.2. Effect of frictional coefficient 
With FE modeling of steady state and transient heat transport, Suhendra and Stachowiak [18] and Hu et al. [17] studied 
the effect of friction at the interface on the heat generation. As shown in Fig. 2, the higher frictional coefficient generates the 
greater amount of heat, and hence results in higher temperature gradient. While after some period of time (i.e. equilibrium 
point), the effect of friction is negligible. Hence improving the surface finish of the articulating components is important to 
minimize friction and thus, heat generation. The more details of the interaction between the friction coefficient, contact 
pressure, and temperature rise for the Co-Cr-on-UHMWPE couple investigated through laboratory based tests can be found 
in [13]. 
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3.3. Effect of sliding speed 
Suhendra and Stachowiak [18] examined the effect of sliding speed (i.e., the relative motion between the head and the 
cup during either hip or sliding wear tests) on the temperature rise. As can be depicted from Fig. 3, the sliding speed has a 
significant effect on the surface temperature. During 15 minutes of sliding, the difference in maximum temperature reached 
at the higher (13.4228 rad/s) and the lower (1.3423 rad/s) sliding speeds is about 7°C. From FE simulations under given gait 
load and rotational angle, Hu et al. [17] also concluded higher heat generation and greater temperature gradient with the 
increase of the sliding speed. This outlines an obvious influence of the frequency of sliding between the head and the cup 
due to abnormal activities on the heat generation. This would be more severe, particularly, for active, young, and sporty 
patients.  
3.4. Effect of lubrication 
Lubrication is another important factor affecting friction, frictional torque, wear, and heat generation.  The synovial fluid, 
a biological substance within the joint capsule amounting on the order of 2cm3 (in volume), acts a lubricant to smooth out 
relative motion between the bearing components.  It forms a film layer of a small thickness ranging from 6μm to 1mm 
depending on the type of the joint and location. In addition to providing hydrodynamic boundary lubrication, it offers 
necessary nutrients for the cartilage and protects it from the enzyme activity, thus retaining the healthy state of the joint 
capsule. In an in vitro test, Davidson et al. [7] studied lubrication effects using water and/or hyaluronic acid for different 
material combinations. Friction in dry medium and in the presence of 2 mg bone cement powder is investigated as well. 
They conclude that, for a given material pair, water and hyaluronic lubrication provide lower frictional torque and has a 
negligible influence with each other, while friction in dry medium, as can be predicted, is significantly higher. Figure 4 
shows a representative result of the relationship between the lubrication and the frictional torque observed for ceramic-on-
UHMWPE pair [7]. It is, however, addressed that because of low viscosity and hyaluronic acid content in implants, mixed 
lubrication, and hence, accelerated frictional heating is expected to occur in vivo.  
  
Fig. 3. Change in temperature rise in the UHMWPE cup with the 
sliding speed, reproduced with permission from [18] 
Fig. 4. Change in frictional torque with lubrication condition within 
the joint, reproduced with permission from [7] 
4. Concerns and possible solutions 
Past studies clearly demonstrate that even the best bearing components experience temperature rise due to frictional 
heating, particularly during extended period of joint activity (i.e. gait loading). Depending on material, loading, and activity 
period, such temperature rise in the synovial fluid and the bearing components can reach up to on the order of 50°C and 
56°C or even more, respectively. While thermal precipitation forms a thin solid layer, protecting bearing surfaces from 
wear, excessive precipitation due to greater frictional heating degrades the lubrication property, thus accelerating the 
adhesive wear between surfaces. This can be further favoured by the flash-heating or frictional shearing of proteins [22].  
Other in vivo risks associated are creep and oxidation degradation of the soft UHMWPE as well as potential severe damage 
to the surrounding biological tissues and bone. It has been reported that a temperature rise of a little as 6°C can cause cell 
death, fibrous tissue formation, and possibly periprosthetic pain; all of which will eventually lead to the aseptic loosening 
failure [e.g., 23, 24]. While frictional heating is obvious, initiatives in terms of development of new bearing material, 
processing of materials, improved design and surgical procedure are urgently to be sought to minimize its aforementioned 
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impacts. For example, in an in vitro investigation, Y.S. Liao et al. [15] suggested that circulating a coolant at an appropriate 
temperature within the femoral head can reduce remarkably the bearing temperature rise and prevent excessive protein 
precipitation, while retaining wear surfaces and morphologies closely comparable to those in vivo. A recent work further 
proposes that by promoting graphitic layer on metal-on-metal couples is likely to reduce wear, friction, and corrosion [22]. 
Graphene-UHMWPE composite is potentially a new bearing material and shown to offer an excellent wear resistance and 
low friction as compared to standard UHMWPE [25]. The mechanism of frictional heating is a vital phenomenon, and, thus, 
needs to be addressed and taken into careful consideration in the future design and implementation in order to be able to 
ensure an improved stability and longevity of implants.  
5. Conclusions 
A comprehensive review of frictional heating in hip implants is presented in this paper. It is clear that depending on 
bearing material, joint load, and activity period, the temperature rise would be sufficiently high to cause degradation of 
materials and lubrication properties, which result in an instability and/or aseptic loosening failure of implants. While 
reasonably accurate, the approaches such as in vitro and computational modelling techniques need to be improved with 
appropriate guidelines obtained from the experiments to better appreciate and quantify the heat generation in vivo. The 
above necessitates that biomedical engineers, material scientists, and clinical surgeons must work closely to devise new 
solutions to overcome the issue associated with frictional heating and hence, to extend the life of implants. 
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